Introduction
To use energy harvesting methods as a power supply, a mediator circuit is needed between the energy harvester and the load circuit. Energy harvester can provide a very low instantaneous power from various harvesting methods: RF, solar, wind, vibration, thermoelectric, etc. Power generally ranges from 1 µW to 5 mW [1] [2] [3] . The generated voltage values are low and need to be boosted to a higher level. Energy harvesting methods can be divided into two groups: those that generate DC voltage and those that generate AC voltage. For energy harvesting methods that generate AC voltage (e.g. RF, vibration, wind, etc.), charge pumps can be directly used to boost low AC voltage from energy harvester to a higher DC voltage [4] [5] [6] . On the other hand, energy harvesting methods that generate DC voltage (e.g. solar, thermoelectric, etc.) need an additional low-power oscillator circuit to drive the charge pump circuit [7] [8] [9] [10] . Therefore, in this paper, the generalized representation of an energy harvester will be an AC voltage source (as in Fig. 1 ), which also implies DC energy harvesters and associated oscillator circuits. There are numerous paper modeling and optimizing charge pump performance [11] [12] [13] [14] , but very few that analyze charge pump performance in energy harvesting applications. Designing and optimizing a charge pump for an energy harvesting application is challenging due to limitations caused by low voltage and limited current drivability of the energy harvester [15] [16] [17] . The charge pump design which is most often used in energy harvesting applications is the Dickson charge pump [18] . Some of the recently reported implementations of the Dickson charge pump in energy harvesting applications include photovoltaic [8] , thermal [9] , RF [19] and microbial fuel cell [10] energy harvesters. This paper proposes a generalized model of Dickson charge pump behavior in energy harvesting system. Figure 1 shows Dickson charge pump used with energy harvester. Energy harvester is represented as a linear AC voltage source formed by ideal AC voltage source (with amplitude U EH ) and series resistance R EH . Dickson charge pump is represented as a 4-stage charge pump with output capacitor C OUT equal to stage capacitors C 1 to C 4 . Depending on the application, the diodes D 1 to D 5 can be discrete components (e.g. Schottky diodes) or diode-connected MOSFETs (in integrated circuits). Resistor R LOAD represents a load circuit and C PAR is a parasitic capacitance at charge pump input terminals. The main problem in charge pump design for an energy harvesting application is limited current drivability of the energy harvester. This limitation is not accurately modeled by standard charge pump models. There are three charge pump parameters (operating frequency f, number of charge pump stages N, and stage capacitor value C) that need to be chosen correctly to achieve a desired charge pump performance. In energy harvesting application, the operating frequency often depends on energy harvesting method used, and in most cases cannot be altered (without additional energy consumption), which leaves only two parameters to work with. There is a wide span of possible operating frequencies that energy harvesting methods provide, ranging from few Hz (kinetic energy harvesting), few kHz (vibration energy harvesting) up to MHz and GHz region (RF energy harvesting) [1] , [6] . To successfully design a charge pump, a charge pump model must accurately describe charge pump behavior over wide span of operating frequencies and for very low input currents. This paper proposes an Energy Harvesting charge pump model which is compared to existing charge pump models and experimentally validated through measurements on laboratory prototype, Section 2. In Sec. 3 the maximum power point and efficiency are discussed and parameter selection method optimized for maximum power point is proposed. At the end of the paper, conclusion and references are given.
Dickson Charge Pump Model
Charge pump designing process starts by choosing initial parameter values: number of charge pump stages N, operating frequency f, capacitance of stage capacitors C. Combination of these three parameters (N, f, C) must provide desired charge pump output voltage U OUT for a given energy harvester (U EH , R EH ), switch (diodes D 1 to D 5 in Fig. 1 ) threshold voltage U th and load resistance R LOAD (or output current I OUT ).
After the initial parameter (N, f, C) values are chosen, they are fine-tuned through SPICE simulation. SPICE simulation is time consuming and is therefore used only for fine-tuning, whereas the initial parameters are chosen by a simpler (and less accurate) model. Standard Dickson charge pump model [20] is modeled as a linear DC voltage source with voltage U 0 and series resistance R S (Fig. 1) , which are given by (1) and (2), respectively.
0_STANDARD_MODEL
EH th
Standard model does not include the current limitation of energy harvester and cannot accurately model the impact of limited input current. Energy harvester is modeled as a linear AC voltage source, U EH and R EH in Fig. 1 . Series resistance R EH corresponds to a current drivability of energy harvester, i. e. the lower current corresponds to a higher resistance R EH . In general, R EH value ranges from few kΩ up to several tens of MΩ what corresponds to a current drivability of energy harvester of a few mA down to a hundred nA. Dickson charge pump model which deals with a limited input current due to a high output impedance of a voltage source is presented by Toru Tanzawa [21] . Tanzawa model is designed to model the behavior of a DC-DC voltage multiplier driven by a DC energy transducer such as photovoltaic and thermoelectric generators. 
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Energy Harvesting Model
Using the same methodology as presented in [21] , charge pump powered from energy harvester can be modeled. The equivalent series resistance of the charge pump is affected by the number of charge pump stages N, stage capacitor value C, operating frequency f and limitations caused by energy harvester. The impact of the first three parameters is modeled by standard model (2) and the impact of energy harvester (U EH , R EH ) can be evaluated separately and then added to the standard model.
There is a significant difference when a charge pump is driven by a source with square voltage waveform, as in [21] , and when the charge pump is driven by an energy harvester with sine voltage waveform. The switch threshold voltage U th affects the RMS value of charge pump input current. With short-circuited charge pump output, the charge pump input draws maximal current from energy harvester. For a source with square voltage waveform, the switch threshold voltage U th decreases peak voltage value, (Fig. 2) , and the maximal current from energy harvester equals:
With sine voltage waveform, the decrease in peak voltage value also causes the "dead" time T OFF , Fig. 2b . T OFF is given by (6) , where T is a period of the sine wave. There are four T OFF occurrences during one period which decreases the duty cycle D of the signal (7). This decreases RMS value of the waveform, resulting in larger crest factor value F compared to crest factor of sine waveform (8) (detailed derivation is given in Appendix).
For sine voltage waveform, the maximal RMS current then equals:
(a) (b) Equation (9) represents the generalized expression for the maximal current from energy harvester. In case of square voltage waveform, the crest factor F equals 1, which corresponds to (5) . Relation between charge pump input current I IN and output current I OUT is defined by the number of charge pump stages:
Therefore, by inserting (9) in (10) as I IN , the maximal charge pump output current equals [21] :
Maximal charge pump output voltage equals U 0 in both Standard (1) and Tanzawa (3) model:
The equivalent series resistance R S , due to limitation caused by energy harvester, can be expressed by dividing (12) by (11), as follows:
By expanding the Standard model (2) with (13), the equivalent series resistance R S of a charge pump, powered by an energy harvester, can be described as:
With very low input current and wide span of operating frequencies, parasitic capacitance at charge pump input terminals (C PAR in Fig. 1 ) plays a significant role in charge pump performance. This parasitic capacitance at device input terminals must be charged and discharged in each operating cycle, and its value depends on design and process parameters. Together with resistance R EH it forms a low-pass filter at charge pump input which decreases voltage amplitude at charge pump input terminals (U IN ). Therefore, maximal charge pump output voltage U 0 in Energy Harvesting model is expressed by (15) , whereas the series resistance R S equals (14) .
Model Validation
Energy harvesting methods are characterized by very low output currents and wide span of possible operating frequencies. Therefore, the charge pump performance is evaluated in f-R plane. f-R plane shows the charge pump output value (e.g. output voltage, output power) for different values of operating frequency f and load resistance R LOAD .
Experimental setup (Fig. 1 with parameter (14), (15), with measurement results for charge pump output voltage. Due to the structure of mathematical expressions for U 0 voltage in all three models, the sensitivity of all there models to different input voltage is the same. Energy Harvesting model adds a low-pass filter to the expression but it affects only a frequency response of the model. Therefore, the input voltage is kept constant, as given in Tab. I. In each measurement of the f-R plane the load resistance is varied from 10 kΩ to 10 MΩ (in 10 discrete steps) and the operating frequency is varied from 100 Hz to 10 MHz (in 16 discrete steps) which gives the total of 160 test points for each f-R plane. Results are given in Fig. 3 .
The Standard model (Fig. 3a) shows the greatest deviation with respect to measured results (Fig. 3d) . Such behavior is expected since the Standard model does not take into account the impact of limited input current (due to R EH ). Tanzawa model (Fig. 3b ) models the impact of limited input current, but with significant error on higher frequencies, compared to measurement. Energy Harvesting model (Fig. 3c) gives the best fit to the measured results. The models are evaluated based on how accurately they model charge pump behavior in f-R plane. To evaluate the goodness of fit of charge pump models with respect to measured results, a coefficient of determination R 2 (R squared measure) is used (16):
where n is the number of test points per measurement, E i represents experimental values (E 1 to E n ) and M i represents modeled values (M 1 to M n ) for a given test point (i = 1 to n). The results are given in Fig. 3 
Maximum Power Point
In energy harvesting systems the goal is to extract as much power from energy harvester as possible. Charge pump parameters should be optimized for maximum power point (MPP). Figure 5 shows measurement results for charge pump output power in f-R plane. The experimental setup is as given in Tab. 1, with changed parameters marked in Fig. 5 . Output power measurements are done for different values of R EH (Fig. 5a, b, c) which correspond to output voltage measurements given by Fig. 4b, Fig. 3d and Fig. 4d , respectively. In addition, the output power is also measured for lower stage capacitance C value (Fig. 5d ) and higher number of charge pump stages N (Fig. 5e) , with respect to Tab. 1.
Maximal output power P MAX (values are given under each measurement in Fig. 5 ) is directly affected by R EH value. With R EH increase from 1 kΩ to 100 kΩ, P MAX decreases from 166 μW to 1.925 μW. Changes in stage capacitor size C and number of stages N, result with less than 10% change in P MAX value. With charge pump modeled as a linear DC voltage source, maximal power is delivered to the load when charge pump output voltage drops to 50% of maximal charge pump output voltage. Energy Harvesting model is used to calculate the dotted line for each measurement (Fig. 5.) , which marks the line in f-R plane where the charge pump output voltage equals 50% of maximal output voltage value. The modeled (dotted) line passes through area with maximal measured output power in f-R plane. This line can be divided into three sections, Fig. 5f . Section 1 is defined by the upper cut-off frequency:
For sections 2 and 3 output load R LOAD equals charge pump series resistance R S (14) . In section 2, the dominant part of R S is F (N + 1) 2 R EH , whereas in section 3 the dominant part is N/f C. The maximal measured output power corresponds to section 2, where R S has its minimal value: Test point parameters at measured MPP Tab. 2. Charge pumps output power and efficiency at maximum power point.
Parameter Selection Method
The model should give a simple and fairly accurate method on how to choose initial charge pump parameters (N, C) for a known energy harvester (U EH , R EH , f) and load circuit (U OUT , R LOAD ). The required number of charge pump stages N depends on the difference between energy harvester voltage amplitude U EH and maximal charge pump output voltage U 0 , (1). To achieve maximum power point, U 0 should be two times higher than the desired output voltage U OUT , thus N equals:
When the number of stages N is defined, two conditions must be satisfied to use Dickson charge pump in an energy harvesting system. First condition, the operating frequency of energy harvester must be lower than the upper cut-off frequency (17) . Second condition, to place charge pump operating point in f-R plane at maximum power point (MPP), the load resistance R LOAD should match the minimal value of series resistance R S , (18) . Both conditions are directly affected by the R EH value. With R EH increase, the upper cut-off frequency lowers and the equivalent series resistance R S increases. If conditions are not met, charge pump operating point in f-R plane cannot be placed at the maximum power point. If both conditions are satisfied, the stage capacitor value C can be selected, keeping in mind that F(N + 1)
2 R EH must be significantly larger than N/f C.
Efficiency
Charge pump efficiency η is affected by parasitic input capacitance C PAR , parasitic capacitance (C S ) at the bottom-plate of each stage capacitor, switch "on" resistance R ON and switch threshold voltage U th . Switch "on" resistance is several orders of magnitude lower than output resistance of energy harvester R EH and it can be neglected for most energy harvesting applications. Bottom-plate parasitic capacitance C S has significant impact on efficiency in integrated charge pump circuits [12] , [22] , but its impact is not prominent for a charge pump realized with discrete components. Parasitic input capacitance C PAR affects the efficiency of power transfer from energy harvester to the charge pump, whereas the threshold voltage U th affects the efficiency of the charge pump. At maximum power point which corresponds to section 2 of the P MAX line (Fig. 5f ), threshold voltage U th has the dominant effect on charge pump efficiency, whereas the effect input capacitance C PAR is less prominent. Table 2 gives measured and modeled values for maximal output power P MAX and for charge pump efficiency η, corresponding to measurements given in Fig. 5 . For each measurement, Table 2 gives the test point parameters at measured MPP. Standard model, Tanzawa model and Energy Harvesting model are compared to measurement results. P MAX value for all three charge pump models is calculated at measured maximum power point. All three charge pump models result with higher values of maximal output power at MPP, with proposed model being the most accurate. Charge pump efficiency is evaluated with respect to maximal achievable output power from an energy harvester. At MPP, output power of 100% efficient charge pump (η = 1) would equal to maximal output power of energy harvester P EHmax :
The efficiency values given in Tab. 2 show that all three models result with higher than measured efficiency. Standard and Tanzawa model result with efficiency that is even higher than 1. This is due to insufficiently accurate modeling of limited input current. The discrepancies between measured and modelled values are also present with Energy Harvesting model. This is due to assumption on which all models are based on. Models presume constant threshold voltage value U th . In reality, threshold voltage increases with increase in output current (i.e. higher output power) and decreases for lower output currents (i.e. lower output power).
Conclusion
The Energy Harvesting model of the Dickson charge pump is presented and experimentally validated. Results have shown that the Energy Harvesting model describes the behavior of the Dickson charge pump in energy harvesting applications with sufficient accuracy. For charge pump output voltage, the average error of the Energy Harvesting model is under 3%, according to the R squared measure of goodness of fit. A maximum power point in f-R plane is defined. The impact of charge pump parameters (operating frequency f, capacitor size C, number of charge pump stages N) on the location of the maximum power point is accurately modeled by the Energy Harvesting model. Based on the dynamics of the maximum power point and the limitations imposed by energy harvesting, the conditions that need to be satisfied so that a charge pump can be used in energy harvesting system are defined and a parameter selection method optimized for maximum power point is proposed. Charge pump efficiency is discussed and is experimentally investigated at maximum power point. The average error of the Energy Harvesting model is 26%, while Tanzawa and Standard model have average error of 83% and 324%, respectively. Modeled efficiency has a higher error compared to the error of modeled output voltage. This is due to the simplicity of the charge pump models as they are used to calculate initial charge pump parameters, which will be fine-tuned through simulations. For such application, the Energy Harvesting model has sufficient accuracy for a wide span of operating frequencies and load resistances, and its level-of-complexity is comparable to other evaluated charge pump models.
